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HIGHLIGHTS 


►  Fe— Co— Ni  coating  has  been  electroplated  on  ferritic  stainless  steel. 

►  (Fe,Co,Ni)304  spinel  atop  Cr203  was  thermally  grown  on  the  steel  with  coating. 

►  The  double-layer  surface  scale  exhibited  a  high  electrical  conductivity. 

►  (Fe,Co,Ni)304  outer  layer  acted  as  an  effective  barrier  to  Cr  outward  migration. 

►  (Fe,Co,Ni)304  outer  layer  reduced  the  growth  of  the  Cr203  inner  layer. 
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Fe— Co— Ni  coating  is  deposited  on  ferritic  stainless  steel  using  a  cost-effective  technique  of  electroplating 
for  intermediate-temperature  solid  oxide  fuel  cell  (SOFC)  interconnects  application.  The  steel  with  Fe-Co 
-Ni  coating  has  been  evaluated  in  air  at  800  °C  corresponding  to  the  cathode  environment  of  SOFC.  The 
results  indicate  that  the  steel  with  Fe-Co-Ni  coating  experiences  an  initially  large  mass  gain,  and  then 
the  mass  gain  increases  slightly  after  the  first-week  rapid  oxidation  stage.  After  thermal  exposure  in  air 
at  800  °C,  the  Fe— Co— Ni  coating  has  been  converted  into  (Fe,Co,Ni)304  spinel  layer  underneath  which 
a  Cr203  layer  is  developed  from  the  steel  substrate.  The  outer  layer  of  (Fe,Co,Ni)304  spinel  has  not  only 
suppressed  Cr  migration  outward  but  also  reduced  the  growth  rate  of  the  inner  layer  of  Cr203.  The  steel 
with  Fe-Co-Ni  coating  exhibits  a  stable  surface  oxide  scale  area  specific  resistance  (ASR)  which  is  much 
lower  than  that  of  the  bare  steel.  (Fe,Co,Ni)304  spinel  is  a  promising  protective  coating  for  SOFC  steel 
interconnect. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  development  of  intermediate-temperature  solid  oxide  fuel 
cells  (SOFCs)  which  are  operating  at  or  below  800  °C  [1-4]  has 
made  it  possible  to  use  high  temperature  oxidation  resistant  alloys 
as  interconnect  materials  in  the  SOFC  stacks  to  supplant  the 
conventional  LaCr03-based  ceramics.  Chromia-forming  ferritic 
stainless  steels  (FSS)  have  been  considered  among  the  most 
promising  candidates  for  SOFC  interconnect  applications  due  to 
their  good  oxidation  resistance  as  well  as  acceptable  electrically 
conductive  oxide  scale,  good  mechanical  properties,  low  cost  and 
appropriate  thermal  expansion  behavior  [5-10].  However,  there 
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are  challenges  associated  with  FSS,  including  increasing  electrical 
resistance  originated  from  the  chromia  growth  over  time,  and  the 
migration  of  Cr  via  0*203  evaporation.  These  volatile  Cr  species  can 
migrate  to  and  poison  the  cathode  or  the  interface  between 
cathode  and  electrolyte  [11,12],  subsequently  leading  to  the 
degradation  in  cell  performance  [13-18]. 

To  overcome  the  problems  above,  it  is  very  important  to  develop 
coatings  on  FSS  particularly  at  the  cathode  side  of  SOFC.  Accord¬ 
ingly,  the  candidate  materials  for  the  coatings  should  be  an  effec¬ 
tive  barrier  to  the  oxygen  inward  diffusion  and/or  the  chromium 
outward  diffusion  in  order  to  reduce  the  growth  rate  and  evapo¬ 
ration  of  chromia  formed  on  FSS,  and  be  also  required  to  have  a  high 
electrical  conductivity  as  well  as  good  thermal  expansion  match 
with  the  substrate  steel  and  be  thermal  chemically  stable  and 
compatible  to  adjacent  stack  components  in  SOFC  stack  [19]. 

With  this  in  mind,  a  variety  of  coatings  such  as  conductive 
perovskites  [19-22]  and  spinels  [23-25]  have  been  explored  as 
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barrier  to  hinder  the  evaporation  of  chromia.  The  techniques  used 
for  coatings  on  FSS  include  sol-gel  method  [26,27],  chemical  vapor 
deposition  [28,29],  plasma  spraying  [30],  slurry  coating  [31]  and 
magnetron  sputtering  [32].  Recently,  electrodeposition  of  metal  or 
alloy  coatings  followed  by  subsequent  thermal  exposure  to  form 
spinel  coatings  directly  on  the  FSS  substrates  has  been  considered 
as  an  economical  and  simple  technique  [33-36]  due  to  its 
advantages  such  as  better  coating-to-substrate  adhesion,  denser, 
less  porous  spinel  coatings  and  good  coverage  of  the  electro- 
deposited  coating  on  almost  any  substrate  surfaces  especially  for 
complex-shaped  interconnects.  Moreover,  the  thickness  of  the 
final  spinel  coating  can  be  readily  controlled  by  adjusting  the 
electrodeposition  parameters  including  cathode  current  density 
and  time  [37]. 

In  our  previous  work,  (Fe,Co,Ni)304  spinel  outer  layer  thermally 
grown  on  Fe— Co— Ni  alloy  with  low  content  of  Cr  in  SOFC  cathode 
environment  had  a  high  electrical  conductivity  and  CTE  match  with 
other  cell  components,  and  reduced  the  growth  rate  and  evapora¬ 
tion  of  the  Cr203  inner  layer  [38].  In  addition,  the  standard  elec¬ 
trode  potential  of  Fe2+/Fe  (-0.44Vsce)  is  relatively  close  to  those  of 
Co2+/Co  (— 0.28VSce)  and  Ni2+/Ni  (-0.25VSce).  Therefore,  co¬ 
deposition  of  Fe-Co-Ni  coating  via  electroplating  is  feasible  and 
the  composition  of  deposited  Fe-Co-Ni  coating  might  be  easily 
controlled  by  adjusting  the  concentration  of  metal  cations  (Fe2+, 
Co2+  and  Ni2+)  in  the  electroplating  solution. 


Our  aim  is  to  electroplate  Fe-Co-Ni  coating  on  ferritic  stainless 
steel,  followed  by  oxidation  in  SOFC  cathode  operating  environ¬ 
ment.  The  Fe-Co-Ni  coating  is  highly  expected  to  be  thermally 
converted  into  a  (Fe,Co,Ni)304  spinel  outer  layer  atop  a  protective 
G2O3  inner  layer  developed  from  the  steel  substrate.  The  present 
work  focuses  on  evaluation  of  the  oxidation  behavior  and  surface 
scale  electrical  properties  of  the  electroplated  Fe-Co-Ni  coating 
applied  to  ferritic  stainless  steel  in  air  at  800  °C. 

2.  Experimental 

Pieces  (15  x  10  mm)  were  cut  from  1  mm  thick  ferritic  stainless 
steel  sheet  (nominal  weight  percent:  16.4%  Cr,  0.28%  Si,  0.13%  Mn, 
0.005%  P,  0.005%  C,  0.004%  S,  and  the  balance  Fe)  by  electric- 
discharge  machining  (EDM).  After  drilling  a  1.5-mm  diameter 
hole  in  the  upper  center,  each  piece  was  ground  to  1000  grits  with 
SiC  sand  paper,  ultrasonically  cleaned  in  acetone,  followed  by 
rinsing  in  alkaline  and  acid  solutions,  respectively,  and  then  elec¬ 
troplated  in  the  solution  with  pFI  value  adjusted  to  4.5,  containing 
40 g L-1  NiS04-6H20,  lOgLT1  NiCl2-6H20,  lOgLT1  FeS04-7H20, 
10  gL-1  CoS04-7H20  and  15  gL-1  H3BO3.  The  stainless  steel 
substrate  was  used  as  the  cathode  and  nickel  plate  was  used  as  the 
anode.  The  experimental  procedure  was  carried  out  as  described  in 
our  previous  work  [39].  Fe-Co-Ni  coating  was  electroplated  at 
55  °C  under  a  cathode  current  density  of  27  mAcm-2  for  5  min. 


Fe-Co-Ni  coating 
Steel  substrate 


10 


20(degree) 


Fig.  1.  SEM  surface  (a)  and  cross-sectional  (b)  images  and  XRD  pattern  (c)  of  the  steel  with  Fe-Co-Ni  coating. 
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Oxidation  testing  of  the  steel  with  Fe-Co-Ni  coating  was 
carried  out  in  a  box  furnace.  The  samples  were  hung  in  alumina 
crucibles,  oxidized  at  800  °C  in  air  for  totally  three  weeks.  The 
weight  of  each  sample  was  measured  after  furnace  cooling  to  room 
temperature  following  each  1-week  thermal  exposure.  The  phase 
structure  of  the  oxide  scales  formed  on  the  sample  was  identified 
with  X-ray  diffraction  (XRD).  The  surface  morphologies  and  cross- 
sections  of  the  oxidized  samples  were  observed  using  scanning 
electron  microscopy  (SEM)  with  an  energy  dispersive  X-ray  spec¬ 
troscopy  (EDX). 

Electrical  resistance  of  oxidized  samples  was  measured  using  4- 
point  method  in  air  at  800  °C.  The  measurement  apparatus  was 
designed  as  shown  in  our  previous  paper  [35].  Two  of  the  oxidized 
surfaces  were  covered  with  Pt  paste.  Each  Pt  foil  had  two  welded  Pt 
leads.  Two  alumina  rods  and  springs  were  used  to  apply  pressure 
and  clamp  the  assembly  together  during  measurement.  One  pair  of 
leads  was  used  to  apply  a  constant  current  and  the  other  pair  was 
for  voltage  measurement.  A  constant  current  of  10  mA  was  used  in 
the  measurement  reported  in  this  paper.  The  resistance  (R)  was 
calculated  according  to  the  Ohm’s  law,  R  =  V/2J.  The  area  specific 
resistance  (ASR)  of  the  oxide  scales  which  reflected  both  the  elec¬ 
trical  conductivity  and  the  thickness  of  the  oxide  scale  was  then 
equal  to  R  multiplied  by  the  area  that  the  Pt  paste  covered. 

3.  Results  and  discussion 

3.1.  Morphologies ,  composition  and  structure  of  as-electroplated 
coating 

Fig.  1  is  showing  surface/section  morphologies  and  XRD 
patterns  of  the  ferritic  stainless  steel  with  electroplated  coating. 
Fig.  la  shows  an  SEM  image  of  the  surface  of  an  as-electroplated 
Fe-Co-Ni  coating.  The  lines  observed  on  the  surface  were 
grinding  marks  present  underneath  the  coating  from  the  prepara¬ 
tion  of  the  steel  substrate  before  electroplating.  The  cross-section 
morphology  of  the  steel  with  Fe-Co-Ni  coating  is  shown  in 
Fig.  lb.  The  electroplated  Fe-Co-Ni  coating  was  continuous  and 
dense  with  a  thickness  around  3-4  pm,  and  exhibited  a  good¬ 
bonding  to  the  steel  substrate.  Analysis  by  EDX  demonstrated 
that  Fe,  Co  and  Ni  contents  (atomic  percent)  in  the  coating  were 
25%,  20.6%  and  54.4%,  respectively,  indicating  the  electroplated 
coating  contained  Fe,  Co  and  Ni.  Fig.  lc  shows  XRD  patterns  of  the 
steel  with  Fe-Co-Ni  coating.  Diffraction  peaks  consisted  of  Fe-Ni 


Time  (weeks) 

Fig.  2.  Oxidation  mass  gains  of  the  bare  steel  and  the  steel  with  Fe-Co-Ni  coating  in 
air  at  800  °C. 


and  Fe-Cr  phases  were  present.  Fe-Ni  phase  should  be  origi¬ 
nated  from  the  electroplated  coating.  It  is  evident  that  no  phases 
containing  Co  has  been  detected.  Flowever,  Co  was  detected  in  the 
coating  from  EDX  analysis.  This  is  most  likely  due  to  the  formation 
of  a  solid  solution  of  Co  present  in  Fe-Ni  phase.  Obviously,  Fe-Cr 
phase  was  detected  from  steel  substrate,  as  the  coating  was  not 
thick  enough  to  block  X-ray  penetration.  From  the  results  combined 
EDX  and  XRD,  it  can  be  confirmed  that  the  Fe-Co-Ni  coating  has 
been  electroplated  on  the  steel. 

3.2.  Oxidation  behaviors 

The  mass  gain  of  the  samples  after  oxidation  in  air  at  800  °C  is 
shown  in  Fig.  2.  For  the  bare  steel,  the  mass  gain  increased  slightly 
with  oxidation  time  due  to  the  formation  of  the  protective  Cr203 
scale,  consistent  with  our  previous  work  [35].  However,  the  mass 
gain  of  the  steel  with  Fe-Co-Ni  coating  was  much  higher  than  that 
of  the  bare  steel.  The  high  mass  gain  of  the  steel  with  coating 
should  be  resulted  from  the  oxidation  of  the  Fe-Co-Ni  coating 
electroplated  on  the  steel.  Conspicuously,  after  the  first-week  rapid 
oxidation,  the  mass  gain  of  the  steel  with  the  electroplated  coating 
increased  insignificantly  with  oxidation  time,  and  its  oxidation  rate 
was  similar  to  that  of  the  bare  steel,  which  implied  that  a  protective 


Fig.  3.  Surface  morphologies  of  the  steel  with  Fe-Co-Ni  coating  after  oxidation  for  3 
weeks  in  air  at  800  °C. 
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oxide  layer  has  been  formed  on  the  steel  with  coating  after  the 
rapid  mass  gain  during  the  earlier  stage. 

Fig.  3  shows  the  surface  morphologies  of  the  steel  with 
Fe-Co-Ni  coating  after  3-week  oxidation  in  air  at  800  °C.  Fig.  3a 
and  b  are  showing  a  lower  and  higher  magnitude  images,  respec¬ 
tively.  The  surface  of  the  steel  with  Fe-Co-Ni  coating  was  covered 
with  uniform  and  dense  oxide  crystals,  which  was  completely 
different  from  that  of  the  bare  steel  after  oxidation  of  3 -week  in  the 
identical  condition.  In  addition,  no  spallation  or  cracks  were 
observed  on  the  oxidized  surface  of  the  steel  with  this  electroplated 
coating  compared  to  that  of  the  bare  steel  [35]. 

It  is  shown  in  Fig.  4  that  the  cross-sectional  images  with  EDX 
elements  line  scan  of  the  bare  steel  and  the  steel  with  Fe-Co-Ni 
coating  after  a  3-week  thermal  exposure  in  air  at  800  °C.  In  case 
of  the  steel  with  coating,  as  shown  in  Fig.  4b,  the  surface  oxide  scale 


Fig.  4.  Cross-sectional  morphologies  with  elements  line  scan  of  the  bare  steel  (a)  and 
the  steel  with  Fe-Co-Ni  coating  (b)  after  oxidation  for  3  weeks  in  air  at  800  °C. 


was  comprised  of  a  double-layer  oxide  structure  with  an  outer  Cr- 
free  layer  and  an  inner  Cr-rich  layer.  The  outer  layer  of  the  oxide 
scale  was  rich  in  Fe,  Co  and  Ni,  and  no  Cr  was  detected.  The  inner 
layer  was  Cr-rich  oxide  with  small  amount  of  Mn.  Nevertheless,  the 
surface  scale  thermally  grown  on  the  bare  steel  consisted  of  Cr-rich 
oxide  with  small  amount  of  Mn-rich  oxide  on  the  outer  surface,  as 
demonstrated  in  Fig.  4a,  consistent  with  previous  study  [35].  This 
also  confirmed  that  the  composition  of  the  surface  oxide  scale 
formed  on  the  steel  with  Fe-Co-Ni  coating  was  completely 
different  from  that  on  the  bare  steel. 

Fig.  5  presents  XRD  patterns  for  oxidized  coupons  in  air  at 
800  °C.  The  oxide  scale  formed  on  the  bare  steel  after  a  3-week 
oxidation  consisted  of  Cr203  and  (Mn,Cr)304  [35].  In  contrast, 
(Fe,Co,Ni)304  spinel  and  G2O3  were  thermally  grown  on  the  steel 
with  Fe-Co-Ni  coating  after  thermal  exposure  under  identical  test 
condition.  From  the  combined  evidences  of  XRD  (Fig.  5)  and  EDX 
(Fig.  4b),  the  outer  oxide  layer  rich  in  Fe,  Co  and  Ni  was  (Fe,Co,- 
Ni)304  spinel  which  was  thermally  converted  from  the  electro¬ 
plated  Fe-Co-Ni  coating,  and  the  inner  oxide  layer  rich  in  Cr  was 
Cr203  developed  from  the  steel  substrate.  It  was  the  formation  of 
the  protective  inner  Cr203  layer  that  lowered  oxidation  rate  of  the 
steel  with  Fe-Co-Ni  coating  after  the  first-week  rapid  oxidation, 
consistent  with  the  mass  gain  as  shown  in  Fig.  2. 

It  can  be  seen  in  Fig.  4b  that  the  outer  (Fe,Co,Ni)304  spinel  layer 
is  dense  and  well  bonded  to  the  inner  Cr203  layer.  Moreover,  the 
whole  surface  oxide  scale  adhesion  to  the  steel  substrate  seemed  to 
be  strong.  As  shown  in  Fig.  4a,  the  Cr203  layer  with  an  around 
2.0  pm  thickness  was  formed  on  the  bare  steel  after  3-week 
oxidation.  However,  the  inner  Cr203  layer  developed  on  the  steel 
with  Fe-Co-Ni  coating  (Fig.  4b)  was  only  about  1.0  pm  which  was 
a  2-fold  decrease  in  thickness  as  compared  to  the  former,  indicating 
that  the  formation  of  the  outer  (Fe,Co,Ni)304  spinel  layer  did  reduce 
the  growth  rate  of  the  inner  Cr2C>3  layer.  It  is  evidently  implied  that 
the  outer  (Fe,Co,Ni)304  spinel  layer  not  only  has  blocked  Cr  outward 
migration,  but  also  has  suppressed  oxygen  inward  diffusion, 
subsequently  leading  to  the  lower  growth  rate  of  the  inner  Cr203 
layer  on  the  steel  with  the  electroplated  Fe-Co-Ni  coating. 

3.3.  Electrical  properties  of  thermally  grown  oxide  scale 

After  oxidation  in  air  at  800  °C  for  3  weeks,  the  ASR  of  the 
oxidized  coupons  was  measured.  Fig.  6  shows  the  surface  scale  ASR 
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Fig.  5.  XRD  patterns  of  the  bare  steel  (a)  and  the  steel  with  Fe-Co-Ni  coating  (b)  after 
oxidation  for  3  weeks  in  air  at  800  °C. 
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of  the  steel  with  Fe-Co-Ni  coating  as  a  function  of  time  in  air  at 
800  °C,  in  comparison  with  that  of  the  bare  steel  under  the  same 
test  condition.  Apparently,  the  scale  ASR  of  the  bare  steel  increased 
with  time,  and  was  higher  than  that  of  the  steel  with  Fe-Co-Ni 
coating,  although  the  oxide  scale  (around  2.0  pm  thick)  devel¬ 
oped  on  the  bare  steel  was  thinner  than  that  (around  5.0  pm  thick) 
formed  on  the  steel  with  the  electroplated  coating.  In  addition, 
during  the  initial  2  h,  the  scale  ASR  for  the  steel  with  Fe-Co-Ni 
coating  exhibited  a  slight  decrease,  most  likely  due  to  the  contact 
problem  between  the  Pt  paste  and  sample,  and  then  it  remained 
stable,  almost  no  change  with  the  testing  time. 

The  lower  scale  ASR  for  the  steel  with  Fe-Co-Ni  coating  over 
the  bare  steel  is  related  to  the  different  surface  oxide  structures 
developed  on  them.  As  shown  in  Fig.  4,  the  oxide  scale  formed  on 
the  steel  with  Fe-Co-Ni  coating  was  composed  of  a  (Fe,Co,Ni)304 
spinel  outer  layer  and  a  thin  Cr203  inner  layer  after  oxidation  in  air 
at  800  °C.  Flowever,  a  G2O3  layer  with  small  amount  of  (Mn,Cr)304 
was  grown  on  the  bare  steel  upon  the  same  thermal  exposure.  The 
lower  scale  ASR  for  the  steel  with  the  electroplated  coating  can  be 
attributed  to  the  higher  electrical  conductivity  of  (Fe,Co,Ni)304 
spinel  [38]  compared  to  G2O3  and  (Mn,Cr)304,  subsequently 
reducing  the  contact  resistance  between  the  Pt  current  collector 
and  (Fe,Co,Ni)304  compared  to  between  Cr203/(Mn,Cr)304  and  Pt. 
Furthermore,  the  Cr203  layer  formed  on  the  steel  with  Fe-Co-Ni 
coating  was  thinner  than  that  on  the  bare  steel,  which  also 
contributed  to  the  lower  surface  scale  ASR.  The  stable  scale  ASR  of 
the  steel  with  Fe-Co— Ni  coating  further  confirmed  that  the  growth 
of  the  Cr203  layer  formed  on  the  steel  with  the  electroplated 
coating  was  lower  than  that  on  the  bare  steel.  In  addition,  it  is 
possible  that  the  lower  scale  ASR  for  the  steel  with  Fe-Co-Ni 
coating  is  in  part  resulted  from  the  doping  of  Ni  and/or  Co  in  the 
Cr203  inner  layer,  which  needs  further  study  to  verify. 

Based  on  those  results  above,  the  (Fe,Co,Ni)304  spinel  layer 
thermally  converted  from  the  electroplated  Fe-Co-Ni  coating  is 
a  promising  candidate  as  Cr-free  coatings  on  ferritic  stainless  steel 
interconnect  for  intermediate-temperature  SOFC,  as  the  Cr-free 
(Fe,Co,Ni)304  spinel  outer  layer  not  only  had  a  high  electrically 
conductivity,  but  also  suppressed  the  Cr  evaporation  and  reduced 
the  growth  rate  of  the  Cr203  inner  layer  developed  from  steel 
substrate. 
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Fig.  6.  Surface  scale  ASR  of  the  steel  with  Fe-Co-Ni  coating  after  3-week  oxidation  as 
a  function  of  time  in  air  at  800  °C,  in  comparison  with  that  of  the  bare  steel  under  the 
same  test  condition. 


4.  Conclusion 


A  double-layer  oxide  scale  with  an  electrically  conductive,  Cr- 
free  (Fe,Co,Ni)304  spinel  outer  layer  and  a  protective  Cr203  inner 
layer  was  thermally  converted  on  the  steel  with  the  electroplated 
Fe-Co-Ni  coating  in  air  at  800  °C.  The  (Fe,Co,Ni)304  spinel  outer 
layer  not  only  suppressed  the  evaporation  of  the  Cr203  inner  layer, 
but  also  reduced  the  growth  rate  of  the  Cr203  inner  layer  and 
improved  the  electrical  performance  of  the  whole  surface  scale. 
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